ABSTRACT Studying quasars at the highest redshifts can constrain models of galaxy and black hole formation, and it also probes the intergalactic medium in the early universe. Optical surveys have to date discovered more than 60 quasars up to z ≃ 6.4, a limit set by the use of the z-band and CCD detectors. Only one z 6.4 quasar has been discovered, namely the z = 7.08 quasar ULAS J1120+0641, using near-infrared imaging. Here we report the discovery of three new z 6.4 quasars in 332 deg 2 of the Visible and Infrared Survey Telescope for Astronomy Kilo-degree Infrared Galaxy (VIKING) survey, thus extending the number from 1 to 4. The newly discovered quasars have redshifts of z = 6.60, 6.75, and 6.89. The absolute magnitudes are between -26.0 and -25.5, 0.6-1.1 mag fainter than ULAS J1120+0641. Near-infrared spectroscopy revealed the Mg II emission line in all three objects. The quasars are powered by black holes with masses of ∼(1 − 2) × 10 9 M ⊙ . In our probed redshift range of 6.44 < z < 7.44 we can set a lower limit on the space density of supermassive black holes of ρ(M BH > 10 9 M ⊙ ) > 1.1×10 −9 Mpc −3 . The discovery of three quasars in our survey area is consistent with the z = 6 quasar luminosity function when extrapolated to z ∼ 7. We do not find evidence for a steeper decline in the space density of quasars with increasing redshift from z = 6 to z = 7.
INTRODUCTION
The cosmic microwave background reveals the earliest observable structure in the universe, which dates back to the epoch of recombination at z ∼ 1100. The next most distant observable structure represents the population of galaxies and quasars at z ∼ 7 − 10. The interval between z = 1000 and z = 7 contains many landmark events, such as the formation of the first stars and galaxies, the growth of the first massive black holes and the reionization of the neutral hydrogen in the intergalactic medium (IGM). Measurements by the Wilkinson Microwave Anisotropy Probe give a 2 σ lower bound to the epoch of reionization of z r = 8.2 (Komatsu et al. 2011) but do not pin down when reionization began or ended. Another probe of the ionized state of the IGM are spectra of high redshift quasars. Already, the analysis of spectra of z ∼ 6 quasars suggest that the epoch of reionization ended around z ∼ 6.1 (Gnedin & Fan 2006; Becker et al. 2007) .
While in recent years the evidence is pointing toward galaxies providing the required UV flux to reionize the universe (e.g. Willott et al. 2010b; Bouwens et al. 2012) , the identification and study of quasars up to the highest redshifts is very important for several reasons: (1) absorption line studies of cosmologically distributed intervening material allow the determination of the baryonic content and physical conditions (metallicity, temperature, ionization state) of the universe during the epoch of reionization (e.g. Mortlock et al. 2011; Bolton et al. 2011; Simcoe et al. 2012) ; (2) the number density of high redshift quasars provide constraints on the mechanisms that are required to seed and grow > 10 9 M ⊙ supermassive black holes less than a Gyr after the big bang (e.g., Latif et al. 2013) ; and (3) high redshift quasars are generally located in luminous, massive host galaxies. By studying the host galaxies we get insight into the formation of galaxies in the early universe (e.g., Walter et al. 2009; Wang et al. 2013) .
In the last decade more than sixty 5.7 < z 6.4 quasars have been discovered in various different surveys (e.g., Fan et al. 2006; Venemans et al. 2007; Jiang et al. 2008 Jiang et al. , 2009 Willott et al. 2010b; Morganson et al. 2012) . The vast majority of these quasars have been discovered in optical surveys, in particular the Sloan Digital Sky Survey (SDSS; e.g., Fan et al. 2006 ) and the CanadaFrance High-z Quasar Survey (CFHQS; Willott et al. 2010b ). The limitation of optical surveys that use silicon based CCD detectors is that they cannot find quasars beyond z ∼ 6.4 as the sources become too faint in the reddest optical band of the survey (z-band) due to absorption by the intervening Lyα forest. To overcome this limit large area surveys in near-infrared bandpasses are necessary.
One of the first wide-field near-infrared surveys reaching a depth that allowed a search for the highest redshift quasars was the UK Infrared Telescope Infrared Deep Sky Survey (UKIDSS) Large Area Survey (LAS; Lawrence et al. 2007) . Using the UKIDSS LAS, Mortlock et al. (2011) discovered the first quasar beyond z > 6.5, ULAS J1120+0641 at z = 7.1. This one z ∼ 7 quasar already provides constraints on the neutral fraction of hydrogen up to z = 7.1 (Bolton et al. 2011; Mortlock et al. 2011) , on the metallicity of the IGM (Simcoe et al. 2012) , and on the formation of dust and stars in the host galaxy ). This shows that more quasars at z > 6.5 are needed.
Here we present the first z > 6.5 quasars discovered in the Visible and Infrared Survey Telescope for Astronomy (VISTA) Kilo-Degree Infrared Galaxy (VIKING) survey. In Section 2 we give a short description of the VIKING survey. In Section 3 we discuss the selection of highredshift quasar candidates in the VIKING data, followed by the details of the imaging and spectroscopic observations of quasar candidates in Section 4. We continue with an overview of the results of the follow-up observations in Section 5. In Section 6 we characterize the newly discovered quasars. In Sections 7.1-7.3 we assess various sources of incompleteness and the effect on our quasar search. We discuss the implications of our results on the quasar luminosity function at z ∼ 7 in Section 7.4. We conclude with a summary in Section 8.
All magnitudes are given in the AB system. For magnitudes obtained with VISTA we use the Vega to AB conversions provided on the Cambridge Astronomical Survey Unit (CASU) website 11 : Z AB = Z Vega +0.521, Y AB = Y Vega + 0.618, J AB = J Vega + 0.937, H AB = H Vega + 1.384 and K s,AB = K s,Vega +1.839. An Λ-dominated cosmology with Ω M = 0.28, Ω Λ = 0.72 and H 0 = 70 km s −1 Mpc −1 (Komatsu et al. 2011 ) is adopted.
SURVEY DATA
The VIKING survey is one of six public surveys (Arnaboldi et al. 2007 ) ongoing since late 2009 on VISTA, a 4 m wide field survey telescope located at ESO's Cerro Paranal Observatory in Chile (Emerson et al. 2006) .
The telescope is equipped with the near-infrared camera VISTA InfraRed CAMera (Dalton et al. 2006) , which contains sixteen 2048×2048 pixel 2 Raytheon VIRGO HgCdTe infrared detectors and has a field of view of 1.65 deg in diameter.
With a pixel scale of 0.
′′ 34 pixel −1 , the instantaneous field of view (called a "pawprint") is 0.6 deg 2 . Because the detectors sparsely sample the field of view, a mosaic of six "pawprints" carried out in a six-step pattern covers a continuous area of 1.5 deg 2 of the sky (a "tile"). The VIKING survey aims to cover 1500 deg 2 spread over three extragalactic areas in five broad-band filters (Lewis et al. 2005 (Lewis et al. , 2010 . At CASU all the VISTA data are processed to science products, including astrometric and photometric calibration, for each night of data (Irwin et al. 2004 ). The stacking of pawprints into a tile is done if a suitable set of pawprints has been taken within a single Observing Block (OB). For the VIKING survey, the observations of a single tile in the five broadband filters are spread over two OBs: in one OB, the Z-, Y -and half the J-band are taken, while the second OB consists of the H-, and K s -band images and the second half of the J-band observations. After the reduction at CASU, we thus have Z-, Y -, H-and K s -band images and catalogs to the full depth, while we have two separate Jband images with half the total exposure time.
The VIKING data used in this article were obtained between 2009 November and 2011 March. We downloaded the processed images and catalogs directly from CASU and band-merged the catalogs ourselves. When we had two separate J-band catalogs for the same tile, we merged the two catalogs. A search radius of 1.
′′ 5 was used to merge the catalogs. The search radius is roughly three times that of the seeing measured in the VIKING data, which has a medium FWHM of 0.
′′ 99. If no entry was found in a catalog, a 3 σ limit was assigned to the object. The total number of tiles observed up to 2011 March for which we had at least Z-, Y -and J-band catalogs was 44 in the GAMA09 region, 59 in the NGP and 121 in the SGP. The total unique area covered by these tiles was 331.6 deg 2 (61.2 deg 2 in GAMA09, 89.6 deg 2 in the NGP and 180.8 deg 2 in the SGP). The area as function of 7 σ depth in the Y -band is shown in Figure 1 . The median 7 σ Y -band depths are 21.67, 21.55, and 21.51 for the GAMA09, NGP, and SGP regions respectively.
CANDIDATE SELECTION
We selected candidate high redshift (z 6.5) quasars from the band-merged catalogs 12 by applying the following steps:
1. Objects should be detected in the Y -band with a signal-to-noise ratio (S/N) of at least (S/N) Y > 7. We also required that the object is detected in at least one other band. For all bands we use aperture-corrected magnitudes measured in an aperture with a radius of 1. ′′ 0 (labeled aperMag3 in the catalogs).
2. We only consider point sources that we define as objects having a probability of being a galaxy (pGalaxy) of pGalaxy < 0.95 (see Irwin et al. 2004; González-Solares et al. 2008 , for details on the morphological parameters). This selection makes sure that most real point sources are selected with a manageable fraction of galaxies (see also Section 7.2 and Findlay et al. 2012 ).
3. The aperture-corrected magnitudes in the Yband had to be independent of the size of aperture used to within 0.2 mag. This was forced by applying aperMag1−aperMag3 < 0.2 and aperMag3−aperMag4 < 0.2. Removing this criterion did not increase the number of candidate quasars, but did add more artifacts to our candidate lists.
4. Because z > 6.5 quasars occupy a unique region in color space, we can isolate potential quasars in the catalogs by introducing color criteria. We applied two sets of color criteria to select z > 6.5 quasar candidates, a conservative color selection and an extended color selection. The conservative color selection minimizes the number of foreground objects wrongly selected as candidate quasars and is based on the work of Findlay et al. (2012) . The extended color criteria maximize the completeness of the high redshift quasar selection, without purposely selecting foreground objects. The conservative color criteria are as follows:
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For a detailed description of all the parameters in the catalogs that are generated at CASU, see http://casu.ast.cam.ac.uk/surveys-projects/vista/technical/catalogue-generation 5. Detector 16 has a time-varying quantum efficiency.
As a result the flat fielding is not accurate and the detector produces a large number spurious detections. We therefore ignore objects that originated from detector 16 in one pawprint and were not independently confirmed in another pawprint.
6. To check the magnitudes listed in the catalogs and especially nondetections in the Z-band, we performed aperture photometry in each of the VIKING images at the location of the candidate. If the colors measured did not fulfill the color criteria listed above, the object was removed from our candidate list.
7. The final step was visually inspecting all candidates in order to remove any remaining spurious objects. Most of the eliminated objects were near the edge or just outside the Z-band image, or on diffraction spikes. This step approximately halved the number of candidates on our lists.
With the conservative color criteria we selected 43 objects in the three different regions observed by VIKING: 7 objects in GAMA09, 18 in the NGP, and 18 in the SGP. We applied our extended color selection to the NGP region and further selected another 42 objects. We loosely ranked the objects according to their Z − Y color, i.e., objects with a higher Z − Y had a higher priority for follow-up observations. Buzzoni et al. 1984) on the 3.58 m ESO New Technology Telescope (NTT). We observed in filters Gunn i (filter #705, hereafter I N ) and Gunn z (filter #623, hereafter Z N ).
Images taken with the Z N filter were calibrated using stars within the EFOSC2 field of view. Using the filter transmission curves, the CCD efficiency and stellar spectra from the BPGS spectroscopic atlas 13 (Gunn & Stryker 1983) , we established a relation between the Z N and the VIKING Z and Y magnitudes of Z N = Z − 0.135 × (Z − Y ) + 0.01. In fields with SDSS coverage (the NGP and GAMA09 regions), the I N images were calibrated using the relation (derived from synthesized colors of the BPGS stars) I N = i SDSS − 0.4 × (i SDSS − z SDSS ). Observations in the I N filter of candidates in the SGP, for which no optical photometry of nearby stars was available, were calibrated using the spectrophotometric standard stars LTT1020, LTT6248, and LTT9239 (Hamuy et al. 1992 (Hamuy et al. , 1994 ) that were observed in the evening and morning twilight.
During the NTT run we observed 18 quasar candidates that were selected with the conservative color criteria and 20 sources that fulfilled the extended color criteria. To fill gaps in the nights, we also targeted seven objects that fell just outside the color selection and/or had a Y -band detection just below the (S/N) Y = 7 limit.
Individual images had an exposure time of either 600 s or 900 s, and the total exposure time per source varied from 600 s to 8100 s. We observed 45 objects in the I N filter, and 8 of those were also observed in the Z N filter. Generally, if an object showed a clear detection in the initial I N images, we stopped observing it. Objects not detected in I N were prioritized for deeper I N and Z N imaging. The results of the EFOSC2 photometry are listed in Table 2 and are shown in Figure 3 .
Of the 45 objects we observed, 6 remained undetected in the I N -band (see Section 5). These sources were targets for our follow-up spectroscopy.
VLT/FORS2 Spectroscopy
13 http://www.stsci.edu/hst/observatory/cdbs/bpgs.html The six filled squares are candidates that were not detected in the I N images and therefore remained good highredshift quasar candidates. These objects were our prime targets for follow-up spectroscopy.
Between 2011 July 22 and 2011 August 20 we obtained spectra for four of the six that remained undetected in I N images. We used the FOcal Reducer/low dispersion Spectrograph 2 (FORS2; Appenzeller et al. 1998 ) on the 8.2 m Very Large Telescope (VLT) Antu. The candidates were observed through the 600z holographic grism with a 1.
′′ 3 wide longslit. The pixels were 2×2 binned to decrease the readout time and noise, giving a spatial scale 0.
′′ 25 pixel −1 and a dispersion of 1.62Å pixel −1 . Between exposures the pointing of the telescope was shifted by ∼10 ′′ along the slit for more accurate sky subtraction. The position angle of the slit was set to include a nearby star that could provide the trace of the spectrum.
On 2011 July 22, 23, and 29 candidate VIKING J234833.34-305410.0 (hereafter J2348-3054) was observed for a total of 6750 s under varying conditions. On July 22 and 23 the seeing varied between 1.
′′ 5 and 2.
′′ 5 with clear sky. On July 29 the seeing was 1. ′′ 1-1.
′′ 3 while there were some thin clouds. Candidate VIKING J010953.13-304726.3 (hereafter J0109-3040) was observed for 2280 s on 2011 July 22. Conditions were clear with a seeing around 1. ′′ 2. Six exposures totaling 4500 s were taken of candidate VIKING J030516.92-315056.0 (hereafter J0305-3150) on 2011 August 13 and 20. The seeing was around 0.
′′ 7, and there were some thin clouds. Finally candidate VIKING J221857.36-315430.0 (hereafter J2218-3153) was observed on 2011 August 20 for 1350 s through thin clouds and with a seeing of 0.
′′ 6. The data reduction, which included bias subtraction, flat fielding using lamp flats and sky subtraction, was done using custom written routines in IDL. For the wavelength calibration exposures of He, HgCd, and Ne arc lamps were obtained. The wavelength calibration was checked using sky emission lines. The typical rms of the wavelength calibration was better than 0.6Å. The spectra cover roughly the wavelength range 7100Å-10300Å. Observations with a 5 ′′ slit of the spectrophotometric standard star LTT1020 (Hamuy et al. 1992 (Hamuy et al. , 1994 were used for the flux calibration. The flux calibration was found to be highly uncertain above 10100Å due to a lack of flux density values for LTT1020 in the literature above this value. We therefore ignore the spectra above this wavelength. The FORS2 spectra are shown in Figure   4 .
VLT/X-Shooter Observations
To increase the wavelength coverage of our spectroscopy to the near-infrared, we observed two of our spectroscopic targets, J2348-3054 and J0109-3040, with the medium resolution spectrograph X-Shooter (Vernet et al. 2011 ) on the Cassegrain focus of the 8.2 m VLT Kueyen (UT2) on 2011 August 19-21 and on 2011 November 24. X-Shooter consists of three spectrographs, each covering a different wavelength region. The three arms and wavelength coverage of the instrument are as follows: UVB (3000Å-5595Å), VIS (5595Å-10240Å) and NIR (10240Å-24800Å). Given the extreme red col- Figure 4 . VLT/FORS2 spectra of four high-redshift quasar candidates that remained undetected in the I N images. Below the four objects a sky spectrum is plotted. The spectra are boxcar averaged over five pixels. The spectra were not corrected for slit losses. Three of the targets (J2348-3054, J0109-3047, and J0305-3150) show a continuum decrement above ∼9200Å, which is characteristic for quasars at z 6.5. The fourth target (J2218-3154) does not show a break in the continuum and is probably an L dwarf. Identifying the peak of the quasar spectra as Lyα (1216Å), the estimated redshifts for the quasars are z ∼ 6.9 (J2348-3054), z ∼ 6.8 (J0109-3047), and z ∼ 6.6 (J0305-3150).
ors of our targets, we ignored the UVB arm. The slit length in the VIS and NIR arm was 11 ′′ , and the pixel scales are 0.
′′ 16 pixel −1 and 0. ′′ 21 pixel −1 , respectively. The slit width used for the observations ranged between 0.
′′ 9-1. ′′ 5 in the VIS arm and between 0. ′′ 9-1. ′′ 2 in the NIR arm, with the width adjusted to counter periods of bad seeing. The resulting resolution varied between R = 5400 − 8800 in the VIS arm and between R = 4000 − 5000 in the NIR arm. Observing conditions on 2011 August 19 were variable with the seeing in the optical ranging from 0.
′′ 9 to ∼1. ′′ 3 and some thin clouds. For flux calibration, observations of the spectrophotometric standard stars LTT7987 and Feige110 were obtained (Hamuy et al. 1994; Vernet et al. 2010) .
We observed J0109-3040 for 14,400 s in August and for 7200 s in November. J2348-3054 was observed in August only for 8783 s. We made use of the X-Shooter pipeline version 1.3.7 (Modigliani et al. 2010) to reduce the data to two-dimensional rectified wavelength-calibrated spectra. The extraction of the spectra and the flux calibration were performed with custom-made programs in IDL. We scaled the one-dimensional spectra to match the observed infrared colors from VIKING (listed in Table 3 ). We do note that the Y − J color of the quasars derived from the X-Shooter spectra is 0.2 mag redder as compared to the catalog colors (Table 3) . A possible reason Note. -Magnitude limits are 3σ.
is that the light that the Y -band is measuring ends up partly in the VIS arm and in the NIR arm. This causes additional uncertainties in the flux calibration around 1 µm. In the top two panels of Figure 5 we show the reduced X-Shooter spectra.
Magellan/FIRE Observations
We observed J0305-3150 using the Folded-Port Infrared Echellette (FIRE; Simcoe et al. 2008 Simcoe et al. , 2010 on the Magellan Baade telescope on four separate observing runs between 2011 November and 2012 January. FIRE produces spectra with R = 6000 (∆v = 50 km s −1 ) over the full 0.82 − 2.51µm wavelength range. The data were taken in generally clear conditions with a seeing of 0.
′′ 8 FWHM or better, with a total integration time of 26,400 s. We reduced each echelle frame using a customized IDL suite (FIREHOSE) designed for FIRE data. The pipeline produces an order-by-order two-dimensional spectral model of the sky using the principles outlined in Kelson (2003) and subtracts this from the flattened data frames. Wavelength solutions are obtained using tabulated values of the OH sky emission lines imprinted on the same frames. We interspersed observations of A0V stars for telluric correction, which was performed using the algorithms of Vacca et al. (2003) as implemented in the Spextool software package (Cushing et al. 2004) . Finally, the corrected and flux calibrated orders for all exposures were combined into a single one-dimensional spectrum, with each individual sampling weighted by its squared S/N for an optimum S/N composite ( Figure 5 ).
RESULTS
We obtained I N imaging of 45 high redshift quasar candidates with the NTT and Z N imaging for more promising candidates. Based on the colors (Figure 3 ), 39 objects could be rejected as quasar candidates after the NTT imaging as they are likely to be late M or early L dwarfs. This is much as expected, since these objects are numerous and a small fraction of them are expected to scatter into our selection region due to random photometric errors. Only six quasar candidates were undetected in the I N images (Figure 3 and Table 2 ) and could not immediately be identified as a foreground object. Five of these satisfied the conservative color criteria, while the sixth source, J2218-3153, was a filler object with a Figure 5 . X-Shooter (top two panels) and FIRE (bottom panel) medium resolution, infrared spectra of the three new z > 6.5 quasars. The spectra are smoothed over 11 pixels to better show the broad emission lines. Various strong emission lines in the spectra are marked.
(S/N) Y < 7. Four candidates, including J2218-3153, were spectroscopically observed with FORS2 (Figure 4) .
The spectrum of J2218-3153 shows a smoothly rising spectrum and the source is most likely an early L dwarf. The FORS2 spectra of the three other objects, J2348-3054, J0109-3047 and J0305-3150, show a strong continuum decrement between 9200Å and 9600Å, and were identified as quasars at z = 6.6 − 6.9. For these three sources, we obtained near-infrared spectroscopy ( Figure  5 ) to more accurately determine the redshift and estimate the properties of the quasars. In Section 5.1 we describe how we derive the various quasar properties. These results are discussed in Section 6 and summarized in Table  3 .
Based on the available photometry, the two remaining candidates, J115439.84+014153.3 and J115642.26-000758.1, could either be high redshift quasars or latetype stars (M, L, or T dwarfs). Spectroscopic observations of these sources are needed to determine their nature.
M 1450 , Redshift, and Black Hole Mass Estimates
M 1450 . The absolute magnitude of the quasars at a rest-frame wavelength of 1450Å (M 1450 ) can be derived by measuring the flux density in the near-infrared spectra at the redshifted wavelength 1450 × (1 + z)Å. The redshifts of the quasars of z = 6.6 − 6.9 shift the restframe wavelength of 1450Å to an observed wavelength of 1.10-1.15 µm, which is roughly between the Y -and J-band. Because the Y − J colors measured from the X-Shooter spectra do not agree with the quasar colors from the catalogs (see Sections 4.3), we scale the spectra of J2348-3054 and J0109-3040 to either the catalog Y or J magnitude and compute M 1450 twice from the flux density that we measure in the spectra at the appropriate wavelength. The absolute magnitudes of these two quasars listed in Table 3 are the average of the two values, and the uncertainties are the standard deviation of the mean. This way the uncertainty in the absolute magnitude includes the issues with the flux calibration. For J0305-3150 the Y − J color measured from the FIRE spectrum was consistent with the one from the catalog, and we could measure the flux density at 1450Å in the rest-frame directly in the spectrum.
Black Hole Mass. In De Rosa et al. (2013) the infrared spectra of the quasars were fitted to estimate the black hole mass and the redshift of the Mg II λ2799 line. For the details of the fitting we refer to De Rosa et al.
(2013). Here we will give a short summary of the fitting procedures. De Rosa et al. (2013) modeled the quasar continuum as the sum of the power-law emission from the active galactic nucleus, the Balmer continuum emission (Grandi 1982 ) and the Fe II and Fe III emission line forest (Vestergaard & Wilkes 2001) . The probability of the continuum model parameters was estimated using a grid-based approach. To fit the Mg II line, De Rosa et al. (2013) sampled the obtained continuum probability distribution N times by using a Monte Carlo rejection method. For each sample, the corresponding continuum was subtracted from the observed spectrum and the emission line was fitted, assuming a Gaussian profile, using a χ 2 minimization routine. The resulting distribution of black hole masses was estimated by combining the N continuum luminosities at λ rest = 3000Å with the FWHM measured for the Mg II line: is the nuclear continuum luminosity at λ rest = 3000Å in erg s −1Å−1 . The uncertainties concerning the black hole mass estimates listed in Section 6 only include the uncertainties from the continuum modeling and from the line fitting. Systematic uncertainties, such as the scatter in the scaling relation of 0.55 dex, are not taken into account.
Redshift. We use the peak of the Mg II emission line as measured by De Rosa et al. (2013) to obtain the redshift of the quasars. The redshifts derived this way have been corrected for the velocity shift of −97 ± 269 km s −1 as found between Mg II and the systemic redshift of lower redshift quasars as traced by the [O III] λ5008 emission line (Richards et al. 2002b ). The uncertainty in this shift is added in quadrature to the statistical redshift uncertainty of the Gaussian fit of the emission line.
PROPERTIES OF INDIVIDUAL QUASARS

J2348-3054
This source was selected with Y −J = −0.03±0.11 and Z − Y > 2.31 (see Table 3 ). With the NTT we observed the source for 5400 s in I N and for 3600 s in Z N . The source was not detected in the I N image, implying I N > 25.13 and I N − Y > 4.02. Combined with a detection in the Z N image of Z N = 22.97±0.13, we could identify this object as a probable high redshift quasar with 6.5 < z 7 and rule out a foreground identification of the source (Figure 3) .
The discovery spectrum taken with VLT/FORS2 (Figure 4) shows a source with continuum detected in the red part and a sharp break between 9500Å and 9600Å. We interpreted this feature as the onset of absorption in the IGM shortward of the Lyα line in the quasar and estimated a redshift of z ∼ 6.9. The VLT/X-Shooter spectrum ( Figure 5 ) shows several strong emission lines, such as Si IV λ1397 + O IV] λ1402, C IV λ1549, C III] λ1909, and Mg II λ2799. A fit of the Mg II line produced a more accurate redshift of z = 6.886
+0.009
−0.008 . The continuum blueward of the C IV emission line is partly absorbed, suggesting that this quasar is a broad absorption line (BAL) quasar.
Extrapolating the continuum above the C IV absorption, we measure an absolute magnitude at 1450Å in the rest-frame of M 1450 = −25.72 ± 0.14, which is approximately 1 mag fainter than ULAS J1120+0641 at z = 7.1 (Mortlock et al. 2011) .
The black hole mass that De Rosa et al. (2013) derive from the width of the Mg II emission line and the strength of the continuum is M BH = (2.1 ± 0.5)× 10 9 M ⊙ .
6.2. J0109-3040 In our catalogs, this source was selected with colors Y − J = −0.05 ± 0.21 and Z − Y > 1.76 (Table 3) . We observed the source for 8100 s in I N and 3600 s in Z N with the NTT. Similar to J2348-3054, J0109-3040 remained undetected in the deep I N image, suggesting a very red I N − Y > 4.05. The Z N − J was slightly (∼0.2 mag) bluer then that of J2348-3054, again ruling out a foreground interpretation of the optical-infrared colors. The FORS2 spectrum revealed an object with a strong continuum break around 9400Å-9500Å ( Figure  4) , and we identified the source as a quasar at z ∼ 6.8.
The X-Shooter spectrum ( Figure 5 ) shows several strong emission lines, including Si IV + O IV, C III], and Mg II, from which we derive a redshift of z MgII = 6.745
+0.010
−0.009 . The Lyα emission line is completely absorbed. Despite the lack of Lyα emission, the continuum at wavelengths shortward of C IV is not absorbed and, unlike J2348-3054, J0109-3040 is not a BAL.
From the X-Shooter spectrum we can directly measure the flux density at 1450Å in the rest frame. We find that the quasar has M 1450 = −25.52 ± 0.15. The uncertainty in the absolute magnitude includes the moderate S/N of the Y and J VIKING magnitudes that were used to derive the absolute flux calibration of the spectrum. The absolute magnitude of M 1450 = −25.52 makes it the faintest quasar in our sample and 1.5-2.5 mag fainter than the z ∼ 6 quasars found in the main SDSS survey . Although the quasar is fainter in the continuum, the black hole mass of M BH = (1.5 ± 0.4) × 10 9 M ⊙ is similar to that of J2348-3054 (De Rosa et al. 2013 ).
6.3. J0305-3150 J0305-3150 was the only quasar in our sample that was detected in the VIKING Z image. The Z − Y color of Z − Y = 2.21 ± 0.36 was red enough to fulfill the conservative color selection. Over the three observing nights with the NTT we exposed the source for a total of 3600 s through the I N filter and for 2700 s through Z N . While the I N − Y color we measured was similar to that of the other two quasars (I N − Y > 4.08; Table 3), the Z N − J was 0.2-0.4 mag bluer. This was an indication that the redshift is lower than that of the other quasars. Of the three new quasars, this object had the brightest (observed) magnitudes, being around 0.5 mag brighter in J than the other two quasars.
The FORS2 observations showed a quasar spectrum with a break around ∼9200Å, corresponding to a Lyα redshift of z ∼ 6.6. The redshift was more accurately determined using the FIRE spectrum of the quasar. The infrared spectrum showed the same emission lines as in the other two VIKING quasars. A fit to the Mg II emission line gives a redshift of z = 6.604 ± 0.008. The absolute magnitude of this quasar is M 1450 = −25.96 ± 0.06 making it the brightest of the new quasars, but still ∼0.6 mag fainter than ULAS J1120+0641.
The wavelength coverage of the FIRE spectrum allowed De Rosa et al. (2013) to estimate the mass of the black hole. Based on the fit to the continuum and on the Gaussian modeling of the Mg II emission line, they derive a M BH = (1.0 ± 0.1) × 10 9 M ⊙ .
THE QUASAR LUMINOSITY FUNCTION AT Z ∼ 7
In this section we will compare our discovery of three quasars at z > 6.5 in 331.6 deg 2 that was covered by VIKING with the expected number of quasars based on the quasar luminosity function at z ∼ 6. We first estimate the completeness of the catalogs and the efficiency of the point source selection (Sections 7.1 and 7.2). We then test the efficiency and completeness of our conservative and extended color selections (Section 7.3). In Section 7.4 we apply the completeness calculations to the number density of VIKING quasars and compare those with the predictions based on the z = 6 quasar luminosity function extrapolated to z > 6.5.
Catalog Completeness
To assess how complete the VIKING catalogs are as a function of limiting S/N, we need to compare the detected number of sources in the VIKING catalogs with the expected number of sources. To determine the number of objects that are expected in the VIKING images, we make use of the first data release of the VISTA Deep Extragalactic Observations (VIDEO) survey (Jarvis et al. 2013) . The VIDEO data overlap with test data from the VIKING survey in the Canada-France-Hawaii-Telescope-Legacy Survey Deep-1 field. Since the VIDEO survey is 2.2-2.6 mag deeper than VIKING in all five VISTA bands and highly complete down to the limits of the VIKING survey (see Table  3 in Jarvis et al. 2013) , we can take the VIDEO catalogs to determine which fraction of the sources is recovered in the VIKING catalogs. The VIDEO area is partly covered by two different VIKING pointings, with the total overlap roughly 1 deg 2 . The two VIKING tiles that overlap the VIDEO region have similar characteristics (average limiting magnitudes, seeing, etc.) as those of a typical VIKING tile. Our calculation of the completeness of the VIKING catalogs as a function of S/N, was done in the following way. First, we computed for a given S/N what the corresponding magnitude range was. We then counted the number of objects within that magnitude range in the VIDEO catalogs and compared that to the number of sources with a match in the VIKING catalogs. In Figure 6(a) we show the fraction of objects in the VIDEO Y -band catalog that are recovered in the VIKING catalog. The VIKING catalogs are over 95% complete down to a S/N ∼ 5. The completeness as function of limiting S/N is plotted in Figure 6(b) . We computed the number of VIDEO sources above the magnitude corresponding to the VIKING S/N limit and counted the fraction of sources that had a match above the S/N limit in the VIKING catalog. We have six independent measurements of the completeness (two VIKING pointings with three filters each), and the completeness above a S/N > 7 was in the range 94.4%-97.9% with an average of 95.7%.
Based on the counts in the deeper VIDEO catalogs, we recover around 96% of the objects in the VIKING catalogs above our S/N cut of 7. Therefore, the catalog completeness correction is very small and will not have a strong influence on the results presented in this Section.
Point Source Completeness
To remove foreground galaxies from our quasar color selection, we only selected point sources by forcing a pGalaxy < 0.95 (Section 3). We tested the efficiency and completeness of this criterion in two different ways. First, we matched the VIKING data in the GAMA09 region with objects from the SDSS database (Data Release 8; Aihara et al. 2011) . In a second test we used the VIDEO data to select a clean, photometric sample of stars in the region for which VIKING data exist.
In the GAMA09 region, there are 3653 objects that were classified as point sources in the SDSS imaging catalogs and had a spectroscopic classification "STAR". In the same region, we selected 12618 objects that were clas- sified as galaxies in both the imaging and spectroscopic SDSS data. Using our adopted point-source classifier, pGalaxy < 0.95, we selected 3397 of the SDSS point sources and only 9 of the galaxies (0.07%). Based on these numbers, we estimate that our point-source completeness is 93.3%, and our sample has a purity of 99.7%.
To obtain a clean sample of stars in the VIDEO data, we selected objects for which the morphological information from the five VIDEO images (Z, Y , J, H, and K s ) indicate that the source is stellar (i.e., the catalog parameter "mergedclass" set to -1 or -2). In addition, we required that the sources have optical-infrared colors close to the stellar locus (see e.g. Figure 1 in Fleuren et al. 2012) . This selection resulted in 2446 stellar sources in the VIDEO catalog that had a match in the VIKING data. In the VIKING catalogs 2287 of the 2446 point sources had pGalaxy < 0.95. This comparison implies that the VIKING catalogs have a point-source completeness of 93.5%.
We find that the fraction of point sources misclassified in the VIKING catalogs is small (6%-7%). Combined with the catalog completeness, we estimate that we are missing 10.7% of the point sources in our search.
Color Selection Completeness
To estimate which fraction of quasars we are missing due to our color criteria, we follow the approach by Willott et al. (2005) to clone SDSS spectra of lower redshift quasars and shift them to higher redshifts. An alternative method is to create artificial quasar spectra based on an empirical model for the spectral energy distribution (e.g., Fan 1999; McGreer et al. 2013 ). The main assumption of both methods is that the rest-frame UV spectral properties of quasars redward of the Lyα line do not evolve with redshift (e.g., Kuhn et al. 2001; Fan et al. 2004) . Although the cloning of lower redshift quasar spectra could suffer from incompleteness due to the SDSS quasar selection function (e.g., Richards et al. 2002a; Worseck & Prochaska 2011) , we decided to mimic the procedure of Willott et al. (2005) as our goal is to compare our results to the z ∼ 6 quasar luminosity function presented in Willott et al. (2010b) that was derived using the same color completeness correction.
For the cloning we selected optical spectra of quasars from the fourth SDSS Quasar Catalog (Schneider et al. 2007) . We needed to model colors of quasars in a redshift interval covering at least 6.4 < z < 7.5 in the filters Z, Y and J (Figure 2) . Given the wavelength range of the SDSS spectra (3800 λ 9200), we chose to use SDSS quasars in the redshift range 3.4 < z < 3.5 for the cloning. The SDSS archives the spectra of 428 quasars over this redshift interval; after culling for quality issues such as missing data and incorrect redshift estimates, this number is reduced to 405 spectra, which can be artificially redshifted. The absolute magnitudes of these quasars range from M 1450 = −24.8 to M 1450 = −28.5 with a median of M 1450 = −25.8, close to the average of our newly discovered quasars.
The most significant difference between quasar spectra at z ∼ 3.5 and z ∼ 6.5 is the spectral energy distribution blueward of the Lyα transition due to absorption by neutral hydrogen. Broadly speaking, as the volume averaged H I content of universe increases toward higher redshifts, absorption of photons in the line of sight redshifted to the wavelengths of Lyα, Lyβ, and higher order transitions becomes stronger. When cloning high redshift quasar spectra from a lower redshift sample this difference must be accounted for. We applied artificial absorption to the SDSS spectra at 3.4 < z < 3.5 following the procedure of Willott et al. (2005) . In short, Willott et al. (2005) cor- rected for Lyα absorption already present in the spectra of SDSS quasars using the IGM transmission as a function of redshift as measured by Songaila (2004) . The transmission was sampled in large redshift intervals of ∆z = 0.1, which acted to smooth out inhomogeneity of the IGM and reduce the difference between the average optical depth per pixel and the effective optical depth. The spectra were then further corrected for Lyβ absorption where the Lyβ optical depth is given by τ β = 0.4×τ α . Higher order absorption is negligibly small and was therefore left uncorrected.
Once these corrections were applied to the low-redshift spectra they were then artificially redshifted and artificial absorption was added blueward of Lyα and Lyβ according to the same relation from Songaila (2004) . Complete absorption of the spectra was applied blueward of the Lyman limit (912Å). The only difference between the procedure of Willott et al. (2005) and our procedure is that we have updated the transmission-redshift relation to reflect new measurements recently published by Becker et al. (2013) for redshifts up to z 5. The transmission functions from Songaila (2004) and Becker et al. (2013) are in good agreement at z ∼ 5, so we have not attempted to join the two functions.
Each of the artificial spectra was redshifted to 6.0 < z < 7.5 in steps of ∆z = 0.01 and multiplied by the transmission curves of the Z, Y , and J filters. The average fluxes in the filters were converted to observed magnitudes. To take photometric errors into account in the color completeness, we added random magnitude errors as a function of the S/N. Since each tile can have different relative depths between the Z, Y , and J images, we computed the color completeness for each tile. An example of the resulting color completeness as a function of redshift is shown in Figure 7 . The completeness in other tiles looks very similar. At high S/N (i.e., negligible magnitude errors), the completeness for the conservative color criteria rises steeply between z = 6.5 and z = 6.6 and remains above ∼95% up to z = 7.2. At higher redshifts the completeness drops quickly to 10% at z = 7.5. This is because at z 7.1 the IGM absorption cuts into the Y bandpass, and the model quasars move redder in Y − J. At z 7.4 the average Y −J color of the model quasars is Y − J > 0.5, outside our selection region. At lower S/N the peak completeness drops to 75%-80% for artificial quasars with (S/N) Y = 7, while the redshift distribution broadens slightly. At the high redshift end, the completeness of the extended color criteria is identical to the one of the conservative color criteria. Due to the lower Z − Y threshold in the extended color criteria, a higher fraction of artificial quasars at 6.4 < z < 6.6 are selected.
Around a completeness of 30%-40% the color completeness is almost independent of S/N. We therefore take the redshift range where the completeness is above 30% as the redshift range we probe with the VIKING data. For the conservative color criteria, the redshift range is 6.51 < z < 7.44, and for the extended criteria it is 6.44 < z < 7.44. The extended criteria are therefore sensitive for quasars down to the redshift where the highest redshift quasars are found in optical surveys (e.g., Willott et al. 2007 ). The surveyed area of 331.6 deg 2 and the probed redshift range of ∆z = 0.93 (∆z = 1.00) for the conservative (extended) color criteria translates into a survey volume of 2.7 comoving Gpc 3 (2.9 comoving Gpc 3 ). To take the varying depth of the VIKING tiles ( Figure  1 ) into account, we computed the color completeness for each tile as a function of absolute magnitude M 1450 of the model quasars. In Figure 8 we show the completeness averaged over all tiles as a function of both redshift and absolute magnitude. The color completeness at 6.6 < z < 7.3 drops to 50% (30%) for quasars with an absolute magnitude of M 1450 = −25.2 (-25.07).
We will now apply all the completeness corrections to our data and compare the results with the expected number of quasars based on the extrapolated luminosity function of z = 6 quasars.
7.4. The Quasar Luminosity Function at z 6.5 The quasar luminosity function, Φ(M, z), is often parameterized by a double power-law (e.g. Boyle et al. 2000; Fan et al. 2001) :
where α is the faint end slope, β the bright end slope, M the absolute magnitude, M * the break magnitude and Φ(M * , z = 6) the space density at z = 6 of quasars with a magnitude M * . The factor 10 kz accounts for the observed decline with redshift in the space density of quasars between z = 3 and z > 5 (e.g., Schmidt et al. 1995) . The number density of 6.44 < z < 7.44 quasars implied by the new quasars has been computed in bins with a width of 0.1 mag. All bins brighter than the one centered on M 1450 = −26.0 only have an upper limit to the number density. Bins having the same number density were grouped together in a single data point with a (horizontal) error bar. For models to predict (within 1σ) the same number of quasars as we observe, they should fall in the region that is outlined by the vertical error bars. The vertical dotted line denote the absolute magnitude above which our color completeness is >30%. Willott et al. (2010b) compiled a sample of 40 quasars at z ∼ 6 from various optical surveys to derive the z ∼ 6 quasar luminosity function. Fixing the faint end slope to α = −1.5, based on the quasar luminosity function at lower redshift (e.g. Croom et al. 2004 ), Willott et al. (2010b) determined the following best-fit parameters for the quasar luminosity function at z = 6: Φ(M * 1450 ) = 1.14 × 10 −8 Mpc −3 mag −1 , M * 1450 = −25.13 and β = −2.81. A value of k = −0.47 was adopted by Willott et al. (2010b) which fits the evolution of the (bright end of the) luminosity function over the redshift range 3 < z < 6 (Fan et al. 2001 ). Based on a study of z ∼ 5 quasars, McGreer et al. (2013) derived a steeper decline in the space density of quasars with M 1450 < −25.5 between z ∼ 4.9 and z = 6 of a factor 5.1 per unit redshift (k = −0.71).
If we assume that the quasar luminosity function evolves with constant parameters M * 1450 , β and α and pure density evolution ∝10
kz , then we can extrapolate the z = 6 luminosity function to z > 6.4 and derive the expected number of high-redshift quasars in the VIKING survey. Assuming k = −0.47 we expect 0.0124 quasar deg −2 down to M 1450 = −25.2 in the redshift range 6.51 < z < 7.44, while the extrapolated luminosity function predicts 0.0139 quasar deg −2 in the redshift range 6.44 < z < 7.44. In an area of 331.6 deg 2 we therefore expect on average ∼4.1 quasars between 6.51 < z < 7.44 and ∼4.6 quasars at 6.44 < z < 7.44 if we ignore any incompleteness. The larger volume probed by the extended color criteria and the higher predicted space density of quasars at the lower end of our redshift range results in an increase of 13% in the expected number of quasars. With a sharper decline in the normalization of k = −0.71, the expected numbers are a factor of ∼1.75 smaller.
In Figure 9 we show the cumulative luminosity function normalized over our surveyed volume and the completeness-corrected space density of z ∼ 7 quasars derived from our newly discovered VIKING quasars. Although the follow-up of all quasar candidates has not been completed, the observed density of z > 6.44 quasars is already fully consistent with the one predicted from the extrapolated z = 6 luminosity function. A steeper decline in space density at z > 5 as obtained by McGreer et al. (2013) underpredicts the density of quasars at z ∼ 7 as found by our study. If we take the various sources of incompleteness into account, then with k = −0.47 we expect to find ∼3.1 z > 6.44 quasars in our volume down to M 1450 = −25.2. Assuming k = −0.71 we expect 1.8 quasars in the same volume. Therefore, given the large (Poisson) error on these estimates, we cannot rule out the steeper decline.
To estimate for which values of k we would expect to find three quasars in our survey volume, we extrapolated the z = 6 luminosity function to 6.44 < z < 7.44 with k ranging from −3 to 0 in steps of 0.01. For each value of k, we integrated the luminosity function down to M 1450 = −25.2 and, including the various sources of incompleteness, computed the expected number of quasars in our probed volume. The best-fit value of k for which the expected number is three quasars and the 1σ confidence interval is k = −0.49 +0.28 −0.74 . The best-fit value of k = −0.49 is close to the k = −0. 47 Willott et al. (2010b) adopts. The best-fit value obtained by McGreer et al. (2013) , k = −0.71, is nonetheless well within the range of k that fit our results.
